need financial support because both his mother and father had died when he was an undergraduate leaving him financially independent. As a Quaker and conscientious objector he was exempted from military service and could begin research immediately, even though the country was at war. He studied the metabolism of lysine under the direction of Albert Neuberger. Fred had a very high regard for Neuberger, writing much later that he was the person who really taught him how to do research.
After Fred Sanger's derivation of a unique sequence of amino acids in insulin in 1955 was a remarkable advance in knowledge at that time, because the chemical properties of proteins were still somewhat controversial. Knowing, for certain, that there was a precise amino-acid sequence of insulin, and by extrapolation of other proteins, suggested that there must be a genetic code in DNA specifying the sequence of amino acids. This discovery was a huge boost to biochemistry, genetics and the newly emerging field of molecular biology.
Moving with his colleagues Ieuan Harris, Brian Hartley and César Milstein from Cambridge University to the newly purpose-built MRC Laboratory of Molecular Biology on the outskirts of Cambridge in 1962, Fred did not rest on his Nobel laurels. He set out on a completely new line of research to sequence the order of bases first in RNA and then in DNA using novel, radioactive methods, based on 32 P-phosphate. In fact, Fred had used radioactive methods earlier, in the late 1950s, to sequence proteins, although with limited success. Nevertheless, he and his colleagues deduced a short sequence around the active centres of trypsin, chymotrypsin, elastase and phosphoglucomutase entirely from the properties of the radioactively labelled peptides.
In 1962, Fred's idea was to sequence specific amino-acyl tRNAs, because they were relatively short (about 75 nucleotides), using the same principle of digestion into smaller fragments that could be sequenced, just as he had done for insulin. But they were not easy to purify. Instead, he had initially to be content to work out methods, with Bart Barrell, of 'fingerprinting' T 1 RNase digests of 32 P-labelled ribosomal RNA on modified paper and ion-exchange paper in two-dimensions. These fingerprints were very encouraging and gave remarkable resolution of the shorter oligonucleotides. For dinucleotides and trinucleotides, in fact, the sequence could be simply 'read off' from the position of the spot on the autoradiograph. The method was exquisitely sensitive and much quicker than traditional methods, such as ion-exchange chromatography on columns. This emphasis on 'reading off' the sequence from position was extended to sequencing larger oligonucleotides, by partially digesting them with either 5′ or 3′ exonucleases. Their sequence was then deduced from the relative mobilities of the successively smaller products of exonuclease digestion on paper ionophoresis.
Fred's first real success was the 120-nucleotide sequence of Escherichia coli 5S ribosomal RNA, determined with me in 1967, as 5S RNA was easily purified. A method of displacement chromatography, named homochromatography, was also devised to solve the problem of separating the longer oligonucleotides in two-dimensions on modified paper or thin-layers. The sequence of 5S RNA stimulated others at the Laboratory of Molecular Biology to purify and sequence specific tRNAs, such as methionine, formylmethionine and tyrosine tRNA. These tRNA sequences were quickly solved, clearly demonstrating the speed and power of the new radioactive approach of RNA sequencing.
Nevertheless, the problem of sequencing much longer RNA, such as the 3,300-long bacteriophage R17 RNA, using the methods developed for small RNAs, was formidable. With Peter Jeppesen, Jerry Adams and Bart Barrell, however, Fred showed that short RNA fragments of labelled R17 RNA could be isolated and sequenced. It was very exciting when some sequences matched the codons predicted from the aminoacid sequence of the coat protein, whose sequence was already known. This was the first time that the genetic code had been determined directly from a nucleotide sequence. This served as a useful confirmation of the genetic code, which earlier had been deduced entirely by indirect methods.
Turning to the ultimate challenge of sequencing DNA in the early 1970s, Fred initially used copying methods with DNA polymerase and short oligonucleotide primers as a way of focusing on a short region of a much longer single-stranded DNA. He chose the single-stranded f1 bacteriophage DNA to develop this approach, and described in 1972 the successful derivation of a 50-nucleotide long sequence of f1 DNA, although analysis then was still based on a two-dimensional fractionation system. Shortly afterwards in 1975, in a significant methodological breakthrough, Fred, with Alan Coulson, developed a fast, read-out method for sequencing, named the plus and minus method. This transformed the speed of DNA sequencing by many orders of magnitude compared with his earlier methods. A randomized size set of 32 P-labelled transcripts were synthesized by DNA polymerase, all initiating at the same position with an oligonucleotide primer. These initial products were then re-incubated with enzymes, with or without one of the four triphosphates, to give products with a defined 3′ end nucleotide (either C, A, G or T). These products were then fractionated side-by-side on denaturing polyacrylamide gels and a sequence read-off.
This remarkable advance in sequencing methodology then allowed Sanger's group to sequence, with only a few ambiguities, the whole 5,000 or so nucleotide sequence of the DNA genome of bacteriophage ΦX174. In this study, the presence of overlapping genes was discovered. Clearly there were exceptions to the 'one gene -one protein' hypothesis. Nevertheless, Sanger was not satisfied with the plus and minus method, although the rest of us were in awe! In a further remarkable set of experiments, he showed that even longer and more even read-off of sequences could be obtained if a chain terminator -a 2′,3′-dideoxy derivative of each of the four different triphosphates -was included in the polymerization reaction. To achieve this result, Sanger and Coulson had to synthesize three of the four dideoxynucleoside triphosphates themselves -they had never been synthesized before! This endeavour culminated in 1977 in a paper describing the remarkably ingenious and inventive copying method known as the Sanger dideoxy method, still in use today. Furthermore, by introducing very thin polyacrylamide gels, in 1978 longer sequences were obtained. Subsequently he and his collaborators used the dideoxy method to repeat the 5,386 ΦX174 DNA sequence correcting the few earlier ambiguities. Following this, he sequenced human mitochondrial DNA (16,589 nucleotides), the first ever extensive human DNA to be sequenced, and the bacteriophage λ genome (48,502 nucleotides). In sequencing mitochondrial DNA it emerged, to everyone's surprise, that the genetic code is not always the same. For this work, he was awarded his second Nobel Prize in 1980, jointly with Walter Gilbert and Paul Berg.
Fred Sanger never claimed to be a visionary scientist. He often told colleagues that he was fundamentally an experimentalist more interested in developing quick, easy and reliable methods for sequencing proteins and nucleic acids than in the new knowledge these methods generated. Those of us who knew Fred well and observed him in action in the laboratory never really believed him! Few, if any, biologists since Charles Darwin have had his impact on biology in general, on molecular biology in particular, on biochemistry, on genetics, on medicine, on evolutionary biology, on virology, on immunology, on taxonomy, to name but a few disciplines. His dideoxy method was used to sequence the human genome, although Sanger himself was not directly involved. A significant part of the human genome project was done at the Sanger Centre (later the Wellcome Trust Sanger Institute) named in his honour at Hinxton Hall, Cambridgeshire under Sir John Sulston's direction. Since then many different genomes have been sequenced and annotated, providing unprecedented new knowledge. It is now possible to sequence a human genome or a human cancer in one or two days.
Fred Sanger retired at the age of 66 to spend more time with his family and grandchildren, and to enjoy his hobbies of boating and develop an impressive garden in Cambridgeshire. He received many honours and prizes including an FRS (1954) , Foreign Associate of the National Academy of Sciences, USA (1967 ), CBE (1963 ), CH (1981 , OM (1986) ISBN 978-0-520-23275-4 In 1959, the British novelist C.P. Snow lamented the schism of western society into two disparate culturesthe sciences and the humanities [1] . He argued that both of these cultures provide valuable perspectives, and their failure to communicate with each other hamstrings our attempts to define and solve important problems. C.P. Snow would have loved this book.
I mix with a lot of scientists, and with a few artists as well, but rarely at the same time. Put them together in a room, and it can be a modern Tower of Babel. Intelligent, thoughtful Figure 1 . A diamond python (Morelia spilota) out for a morning cruise near Sydney. Snakes are elegant, mysterious, and secretive -very different from your run-of-the-mill study species -and they attract some equally unusual researchers. In Tracks and Shadows, Harry Greene embarks on a personal journey that intertwines events in his own life with the insights he has gathered during a long career spent watching snakes, and trying to understand the world from their perspective. Photograph by Sylvain Dubey.
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